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Abstract
The classical theory of boiling heat transfer based on bubble dynamics is explained
and includes a full derivation of the Rohsenow boiling correlation. An alternative,
more accurate correlation for determining boiling heat transfer coefficients is then pre-
sented. The theory of DC and AC electrowetting is described along with electrolyis
and electric breakdown, two common problems in successfully demonstrating elec-
trowetting. Next, the construction of a 1000V DC power supply for electrowetting ex-
periments is outlined along with failed and successful attempts to create surfaces that
exhibit electrowetting. The design and construction of an electrowetting-compatible
boiling apparatus capable of delivering up to 1000W of power to a 400mm2 sample
is also detailed. The power supply, surfaces, and boiler are used to determine that
while electrowetting increases surface wettability it also severely decreases heat trans-
fer, disproving the initial hypothesis. Heat transfer per unit superheat, represented
by the dimensionless ratio of the Nusselt number to the Jakob number, is found to
increase as a double exponential with decay constants 0.23 ± 0.21 and -14.82 ± 49.69
as a function of the dimensionless electrowetting number, a measure of electrical en-
ergy to surface energy of a liquid. Likewise, thermal resistance as a function of the
electrowetting number is found to increase as a double exponential with rise constants
-37.95 ± 214.4 and -0.32 ± 2.23.
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Chapter 1
Introduction
Electrowetting is a technique used to decrease the contact angle of a drop of
water sitting on a conductive surface by applying a voltage between the drop and
the surface. In this thesis we study electrowetting-on-dielectric (EWOD) surfaces
to observe their effect on nucleate boiling heat transfer. This chapter outlines the
motivation for such an investigation and the underlying theory behind the work.
Chapter two details the construction of EWOD surfaces and their characterization.
Chapter three describes the construction of a boiling apparatus and how it was used
to determine the overall heat transfer coefficient. Chapter four discusses the results
of the heat transfer experiments and opportunities for further work.
1.1 Motivation
Much modern heat transfer research has been focused on improving the rate of
heat transfer and the overall heat transfer coefficient. It is well-known that heat flux
is proportional to both the area over which heat transfer takes place as well as the
temperature difference between the surface of interest and its environment. Increasing
either of these by a sizeable amount is costly on the large scale either through ma-
terial cost in building a larger heat exchanger or using more energy (obtained from
already inefficient sources such as coal-powered generators) to increase the surface
temperature. The latter is particularly problematic in the case of nucleate boiling,
where the surface is continuously cooled off due to convection from bubbles leaving
the surface. This cooling increases with the net heat flux into the pool so the amount
of input power required increases substantially with the desired amount of superheat.
It is therefore desirable to come up with novel ways of increasing the rate of heat
transfer without the expense associated with simply making a boiler bigger or more
powerful. The surface treatment discussed here increases the wettability of a heating
surface with minimal extra material or power costs and has already been applied
to condensing heat exchangers[1]. In addition, this surface treatment uses common
materials and is made with processes that are easily scalable to industrial-sized boilers.
An EWOD surface is constructed first by depositing a layer of electrical insulator on
the surface and then usually followed by a thin (on the order of nanometers) layer of
Teflon or other hydrophobic fluoropolymer[2] to provide for a large tuning range of
the contact angle. This layer could be deposited on a large scale through, for example,
spray coating or sputtering.
1.2 Boiling Heat Transfer
Our goal is to show that these surface treatments positively affect the efficiency
of convective heat transfer in a nucleate boiling system. To that end, we must be
able to reliably determine the heat transfer coefficient h that describes how well heat
is transferred into the pool. Classically this is done with the Rohsenow correlation,
but recently more accurate equations have been developed that better align with
experimentally-obtained results.
1.2.1 Rohsenow Correlation
In general, convection heat transfer off of a surface is characterized by
Q = hAA T (1.1)
where Q is the amount of heat transferred per unit time, h is the overall convective
heat transfer coefficient, A is the area of the surface, and AT is the difference in
temperatures between the two surfaces that exchange energy. We will frequently refer
to q Q/A instead of Q. h is generally found by first calculating the dimensionless
Nusselt number Nu of the system and relating the two through
hD
NUD k (1.2)
where D is the characteristic dimension of the system over which heat transfer takes
place and k is the thermal conductivity of the convective fluid.
In 1951 Rohsenow[3] proposed the first modification of 1.2 to account for a theory
of nucleate boiling heat transfer. His theory related boiling heat transfer to bubble
dynamics-in a boiling surface, a bubble forms in a nucleation site such as a crack,
scratch or other impurity in the surface and grows until it reaches a critical size, after
which the bubble breaks free. In this case the characteristic length of the system is
the critical bubble diameter. When the surface tension in the bubble and the force of
gravity overcome the buoyant force the bubble will release. From a balance between
these forces we can show that the critical bubble radius Rcrit is
37Rcrit ) (1.3)
where -/ is the surface tension of the liquid-vapor interface, g is acceleration due to
gravity, pe is the density of the boiling fluid in its liquid phase, and p, is the surface
tension of the fluid in its vapor phase. As a characteristic length of the system
Rohsenow dropped the factor of v/5 from 1.3 and used
Lchar IYV (1.4)
g(pg - pv)
Rohsenow then theorized that the Nusselt number would be related to how fast
the bubbles left the surface as well as how well they transferred heat by convection
compared to conduction. Thus, the expected form of the Nusselt number would be
NUD = f(ReD, Pr) (1.5)
where ReD is the Reynolds number of the bubble, Pre is the Prandtl number of the
fluid in its liquid phase, and x and y are unknown constants. These quantities are
defined as
ReD pvD (1.6)
Pr, A (1.7)
where v is the fluid velocity, p is the fluid viscosity, and c, is the specific heat of
the fluid. The Reynolds number represents a measure of inertial forces compared
to viscous forces in the fluid flow and the Prandtl number represents a measure of
momentum diffusivity compared to thermal diffusivity in the liquid. High Reynolds
and Prandtl numbers both correspond to increased effectiveness of a flow to transfer
heat by convection as opposed to by conduction. The Prandtl number is effectively
only a function of the liquid temperature, but the Reynolds number is a function of
temperature as well as fluid velocity. Since it would be very difficult to measure the
flow rate of bubbles off of a boiling surface, Rohsenow used the mass average velocity
of the vapor in 1.6 as determined from the thermal characteristics of boiling
Vavg - (1.8)
where h1i is the latent heat associated with the phase change between the liquid and
vapor phases of the working fluid.
Rohsenow performed many empirical experiments with a variety of working fluids
and surfaces to determine the following correlation
.phi Ja 3 Cp(Tsurf ace - Tsat)
q L CfPrj Ja (1.9)Lchar C( Pr ' h)
where Ja is another dimensionless quantity known as the Jakob number and repre-
sents the ratio of superheat in the liquid to the latent heat. Csf and n are empirical
factors related to wettability and surface roughness and their values are generally
available in tables. Also note that in 1.9 all fluid properties are evaluated at the
saturation temperature Tat. From 1.9 we can easily find h
h = 4 .(1.10)
Tsurf ace - Tsat
1.2.2 Gorenflo Correlation
In practice, 1.9 is not very useful. Cf and n must be determined empirically for
every combination of fluids and surfaces and does not take into account variables like
surface imperfections or fluid impurities. Its accuracy is also often questioned-it
works well for some systems but is completely inaccurate for others. However, it is
historically important and provides intuition as to what mechanisms drive boiling
heat transfer. With time, other correlations have been proposed that do not follow
the form of 1.2 but have been found to match well with experimental results. For
example, a much more accurate method[4] for determining h (and the one we will use
in this work) comes from Gorenflo, who in 1993 devised a correlation that relies on a
reference value ho specific to each working fluid[5]. Overall, h is found with
h = hoFpf () R 0.133(1.11)
d0 Rpo
where R, is the surface roughness. ho is 56003 for water, q'o = 20000 , and
Rpo = 0. 1pam. Fpf is a pressure correction factor given by
Fpf = 1.73p 2 7 + 6.1 + 068) p2 (1.12)
where pr is the reduced pressure
Pr Patmospheric (1.13)
Pcritical
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For water, Pcritical = 217.7atm. Note that 1.12 is only good for water and helium as
working fluids; it has a different form for other liquids that are not considered in this
work. nf is given by
nf = 0.9 - 0.3p. 15 . (1.14)
Again, note that 1.14 is only good for water and helium-the exponent changes to 0.3
in the case of a different working fluid. The correlation is valid for 0.0005 < pr < 0.95.
1.3 Electrowetting
Electrowetting was first discovered in 1875 by Lippmann in his work with mercury
and electrolytic solutions[6]. He found that an applied potential difference between
mercury and the electrolyte would cause the mercury to form a depression and flatten
out. However, a major obstacle to using this discovery in practical applications was
electrolysis. For example, electrolysis in water occurs at voltages around 1V at room
temperature, and without special modifications to an electrowetting surface the effect
could never be used in heat transfer experiments for fear of self-ignition of gaseous
hydrogen and oxygen. In 1993 Berge[7] proposed that an insulating dielectric layer
could be used to provide electrowetting without electrolysis or dielectric breakdown
of the surface. In this section we will determine how an applied voltage affects the
contact angle of a drop on an electrowetting surface and how this effect could be used
to increase boiling heat transfer coefficients.
1.3.1 The Young-Lippmann Equation
The theory of electrowetting surfaces begins with finding the dimensionless Bond
number Bo for a drop of liquid in an ambient environment, defined as
Bo ApR 2 (1.15)
18v
18
where Ap is the difference in densities between the liquid drop and the ambient fluid
and R is the radius of the drop. This number compares the force gravity against the
surface tension in the drop, and if Bo < 1 we can (and will) ignore gravity in our
analysis. To find the contact angle for a sessile drop in the absence of an applied
voltage we first examine 1-1. Here, a free-body diagram of a still drop on a surface is
Figure 1-1: Free-body diagram of a sessile drop on a surface.
drawn. A force balance can be written out for the three surface tension forces acting
on the drop: Surface tension of the solid-liquid (7y3), of the solid-vapor ('y.) and
liquid-vapor (y&) interfaces. We can look at the forces drawn from the three-phase
contact line and immediately conclude that
gYe cos Oy = 'Ysv - 7si (1.16)
in static equilibrium, where 9y is the known as the Young's contact
and the result 1.16 is known as Young's Equation[8].
This equation can be modified if a surface charge is present.
reduction of the surface energy
angle of the drop
If so, there is a
dy, 1 =-o-,idV (1.17)
where a,, is the surface charge density and V is the applied voltage between the drop
and the surface. The drop and the surface together can be treated as capacitors in
Electrolyte (aq.)
00
L 99eeeeeeeeeee
Electrode
(a) Contact angle with V = 0 (b) Contact angle with V 5 0
Figure 1-2: Illustration of the effect of an applied voltage on the wettability of a drop
on a dielectric surface. In the case of V # 0 a double charge layer builds up between
the drop and the surface it sits on, which effectively lowers the surface tension of the
solid-liquid interface which in turn decreases the contact angle of the drop.
series, but here we will ignore the capacitance of the drop since it is much smaller than
that of the surface. For a capacitance C the surface charge Q = CV, and dividing
through by the area of the surface we find o- cV, where c is the capacitance per
unit area of the surface. We can now integrate 1.17 and find that
ds8  j -cV'dV' , (1.18)
0V
0 cV 2
'(V) 7Isl 2 (1.19)
1.18 assumes that there is no surface charge built up on the insulator at V = 0. The
capacitance per unit area is
c 06 d (1.20)
where 60 is the permittivity of free space, Cd is the dielectric constant of the surface,
and d is the thickness of the surface. 1.16, 1.19, and 1.20 can be combined to show
that
cos9 = cos y + CO~dV (1.21)2d7et
where 9 is the apparent contact angle. 1.21 is known as the Young-Lippmann Equa-
tion, and it clearly shows that for a non-zero V cos 0 must increase, so 9 decreases
and we observe increased wettability of the surface. This effect is shown in 1-2. 1.21
is sometimes written as
cos 9 = cos Oy + 71, = V (1.22)
2dyev
where q is the dimensionless electrowetting number[7]. q compares the electrostatic
energy in the system to the surface tension of the drop.
1.3.2 AC Electrowetting
If V is an AC voltage that oscillates faster than the drop can respond to it we can use
its RMS value in 1.21 as long as its frequency is not so high that the drop behaves
more like a dielectric than a conductor like we assumed in the last section. The
critical frequency w, for this condition is
e= (1.23)
E06Q
where or is the conductivity of the liquid and e is its dielectric constant[9]. If the
drop behaves like a dielectric there will be a significant voltage drop across it and the
voltage at the contact line will be less than the applied voltage. This means the surface
tension reduction at the solid-liquid interface will be lower and the contact angle will
be higher than for the DC and low-frequency AC cases. In the limit where W < we
we wish to take advantage of drop oscillations that ordinarily are used to promote
mixing. An example of this is shown in 1-3[10]. This same oscillatory motion could
be used to increase heat transfer out of a surface by more evenly mixing the heat
carried from the surface by bubbles.
Figure 1-3: Electrowetting-induced oscillations of a 1mm drop at 81Hz. The drop
starts with dye only in its top half and oscillates between the two profiles shown in
the first figure. Each picture was taken one second apart.
1.3.3 Obstacles In Electrowetting
The two biggest obstacle to achieving successful electrowetting are electrolysis and
dielectric breakdown. In the first case, the energy added to a sessile drop from a DC
current source is used to power an otherwise thermodynamically-unfavorable chemical
reaction. In the second case the voltage across the surface exceeds the breakdown
voltage of the material and a short occurs, thereby inducing rapid electrolysis and
inability of the surface to exhibit electrowetting in a stable manner. The splitting of
water into diatomic hydrogen and oxygen is governed by
2H 20(t) -> 2H2 (g) + 0 2 (g). (1.24)
This is a reduction-oxidation reaction that can be split into two reactions
2H 20(t) -> 02(g) + 4H+(aq) + 4e-, E0 = 1.23V (1.25)
2H+(aq) + 2e- - H2 (g), E0 = OV (1.26)
where E0 is the standard potential of each reaction. Thus, electrolysis of water can
take place with as little as 1.23V of potential difference between a water droplet and
the surface it rests on if the surface is conductive. If the surface is a dielectric the
conduction across the drop will be poor and electrolysis will not take place, or at least
will be limited.
However, some electrowetting configurations require several hundred volts in order
to show large contact angle changes (~ 40'). Using a thinner insulation layer is
preferable so that the voltage required for a desired contact angle change is minimized.
But if the layer is too thin it will experience dielectric breakdown. All materials have
a known electric breakdown field Eb which will be reached if the applied voltage is
Vb= Ebd. (1.27)
The required voltage for a given contact angle change goes as Vd, so there exists a
minimum dielectric thickness below which electrolysis will always occur before elec-
trowetting is seen. This effect is shown in 1-4. In the event of breakdown the surface
1.5
Insulator Thickness (Im)
Figure 1-4: Electrowetting and electrolysis curves for an electrowetting surface as a
function insulating layer thickness. In this plot the insulator has a dielectric constant
of 10 and a breakdown voltage of 40±. The surface tension -ye, is 0.072N and thepm m
contact angle change is from 1200 to 80'.
loses its resistivity and the power supply effectively shorts, leading to a large current
across the drop. This induces rapid electrolysis within the drop and also prevents the
surface from exhibiting electrowetting in a stable manner, usually permanently.
24
Chapter 2
Construction and Characterization
of EWOD Surfaces
An integral part of this work was the design and construction of EWOD surfaces.
This chapter details these efforts, first starting with the construction of a DC power
supply capable of processing 1000V in order to test the electrowetting properties
of these surfaces. Next, actual surface construction is documented including failed
attempts at novel surface construction and then successful EWOD surfaces.
2.1 DC Power Supply
Electrowetting experiments in the literature have been shown to require up to
600V to get a significant contact angle change. A power supply that can output
such high voltages was not available, so it was necessary to construct one. It was
designed to provide up to 1000 DC volts at a duty cycle of 0.9 with a 50V DC input
from a laboratory power supply (BK Precision 1790A). A flyback converter topology
was chosen for its simplicity as a DC-DC converter and ability to easily reach the
necessary conversion ratio of 20:1. The circuit schematic is shown below in 2-1 and
is shown as constructed in 2-3. Values and part numbers for the components shown
can be found in Appendix A. The flyback converter uses the topology of a buck-boost
converter along with a transformer to increase the gain higher than the 10:1, which
is the suggested upper limit on conversion ratios for a buck-boost circuit.
Vin -
Figure 2-1: Flyback converter topology for 1000V DC power supply.
+15V LM7812 CV OUT3
Com RT r- DISCHG R1
TR
U2
Com
R3 ? R6
2- 1Err 1 CS | PM Out|R4 6 FlCW V
R5
Figure 2-2: PWM timing circuit for power supply.
flyback converter operates at 250kHz using the PWM timing circuit shown below in
2-2. Component values and part numbers are also found in Appendix A. The PWM
circuit uses a 555 timer to generate an approximately triangular wave oscillating
between 4V and 8V and compares it to a DC level in between the two values set by
a potentiometer. The 311 comparator chip outputs a square wave between OV and
5V whose duty cycle is the same as the proportion of time the triangle wave has a
greater value than the potentiometer output. This signal is then fed into a gate driver
to switch the power transistor on and off. When the transistor is on the primary side
The
Figure 2-3: DC power supply capable of providing up to 1000V. The PWM circuitry
built on a breadboard is shown on the left and the flyback circuit is on the right.
of the transformer charges up with current, and after the transistor switches off the
diode on the secondary side conducts and outputs an average voltage (Volt)
D N2V(Vout) = D N (2.1)1 - D N1
where D is the duty cycle and N is the turns ratio of the transformer. The resistorN1
and capacitor on the secondary side act as a low-pass filter to smooth the chopped
AC waveform into an approximately DC output.
2.2 Attempts at Novel EWOD Construction
Considering that the focus of this work included investigating and EWOD sur-
faces, copper was chosen as an initial substrate for its excellent thermal and electrical
properties so as to minimize thermal and electrical resistances. The insulation layer
needed to be made of a material with good thermal conductivity but low electrical
conductivity. In other works Teflon, parylene, barium strontium titanate, and silicon
dioxide have all been used for this purpose[11]. Teflon suffers from low dielectric
strength and on its own tends to show electrolysis before successful electrowetting
is achieved. Parylene has good thermal and dielectric properties but requires spe-
cialized equipment to deposit. Barium strontium titanate and silicon dioxide both
require large and costly chemical vapor deposition (CVD) setups.
Figure 2-4: Defective EWOD surfaces made with graphite ink. Note the nonuniform
coating and pinholes in the graphite layer.
In order to demonstrate the feasibility of bringing EWOD to an industrial scale,
graphite was initially chosen as a dielectric. Graphite has good thermal conductivity
(k = 5.7kw ) and dielectric properties (ed a 12 - 15). It is also widely available in
various forms that can be tailored to various manufacturing processes; in this work,
a liquid solution of graphite ink used for manufacturing tantalum capacitors (Alfa
42193) was chosen for its ability to be used in a spincoater. The graphite ink was spun
onto 0.040" thick 1" square copper pieces with a mirror finish (McMaster 9821K12)
at 1000rpm for 30 seconds. with a Specialty Coating Systems 6800 spincoater. It was
then left to air-dry for 30 minutes and then baked at 150'C oven (Thermolyne 47900)
for 30 minutes. However, this solution did not spincoat very well-for example, after
baking the coated part had many pinholes and nonuniform coverage, both of which
provide shorts to ground and would prevent successful EWOD. Sample surfaces with
these defects are shown in 2-4. Attempts to dilute the ink in accordance with the
manufacturers directions made a solution too thin to spin with a satisfactory coating.
The samples were then coated with Teflon (Teflon AF1600 400-S2-1, DuPont) at
1000rpm and baked for five minutes at 165'C, 10 minutes at 245'C, and 15 minutes
at 330'C in accordance with the Teflon processing directions.
1000 2000 3000 4000 5000 6000 7000
Spincoater Speed (rpm)
Figure 2-5: Spin curve for Teflon AF for the SCS 6800 spincoater. The fit is well-
modeled by a power fit y = Ax.
These samples would be a good electrowetting surface except that the Teflon coat-
ing was too thick. While other papers have reported spincoating Teflon at 1000rpm
for 30 seconds and getting a film thickness on the order of 200A, they used custom
solutions made of powdered Teflon resin and a perfluorinated solvent. The stock
Teflon solution was too viscous to get such a thin film at 1000rpm, and hence its
capacitance was too high to get a significant contact angle change without the use of
incredibly high voltages. Dielectric breakdown always occurred before electrolysis or
electrowetting was achieved. In order to characterize the spincoater and to spin a thin
enough layer of Teflon a spin curve was made by spinning 100pL of Teflon on pieces of
silicon at various speeds and then processing the Teflon as above. The samples were
then tested with a profilometer (Tencor P-12) to find the film thickness. The results
are shown in 2-5. The fit curve is y = AxB; A = 1.05E6 ±3.26E5, B = -0.90 t 0.047,
which predicts that a film thickness of 200A will occur above the maximum spincoater
speed of 9999rpm. Thus, all future Teflon coatings were made at 9999rpm. These
surfaces with the graphite insulation layer exhibited electrolysis before electrowet-
ting and therefore were not usable for a boiling experiment, since in a real industrial
boiler electrolysis would release highly flammable hydrogen and oxygen gases. The
same procedure was carried out with silicon substrates with the same result. It was
therefore necessary to make a more robust set of surfaces.
2.3 Parylene Insulation
The Teflon spin curve predicted a film thickness of about 400A for 9999rpm, and its
capacitance can be neglected if it is much lower than the capacitance of the insulator.
Since graphite did not work out, a new insulator was required that exhibited the
same desirable thermal and dielectric characteristics while also producing uniform,
conformal coatings. Following the method of [11] the choice was made to use parylene.
Parylene is a dimer that, when put through a special pyrolysis and CVD process, will
deposit as a conformal, pinhole-free layer onto a substrate. It is commonly found in
the medical industry as a hydrophobic, biocompatible coating and in the electronics
industry as a passivation layer on printed circuit boards. Parylene comes in four
varieties-C, D, HT, and N-and out of these parylene-N would be the best for this
application because it has the highest melting point (for compatibility with Teflon
processing), dielectric strength, and thermal conductivity of all the parylene grades.
Figure 2-6: Experimental setup for determining contact angles on an electrowetting
surfaces, including the goniometer.
However, only parylene-C (GALXYL-C) was available, and so it was used here.
Parylene does not stick very well to metals, so a switch to conductive silicon wafers
(WRS Materials, 2" n-type (100), 275pm thick) was made. Silicon wafers were coated
twice, once with 5.1679g and once with 5.2919g of parylene-C, in a Para Tech LabTop
3000 coating system. The total film thickness was measured to be 12pm with a
micrometer (Mitutoyo 227). Afterwards the wafers were processed with Teflon as
described above. The surfaces were then tested with a goniometer (Ram4-Hart Model
500-Fl), an instrument that, amongst other functions, accurately determines the
contact angle of a liquid drop on a surface using video capture and image processing.
The setup for testing electrowetting is shown in 2-6. Using the goniometer, the contact
angle for a 15tL sessile drop of deionized (DI) water (Aries Filter Works Gemini) was
measured as function of voltage, and the results are shown in 2-7 against a theoretical
fit from the Young-Lippmann equation. The maximum contact angle change achieved
before reaching electrolysis was 390 at 294V. A series of images of a 10AL drop of DI
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Figure 2-7: Measured contact angles as a function of voltage, along with a theoretical
fit for this surface based on the Young-Lippman equation.
water subject to various voltages is shown in 2-8 to illustrate the effect of a nonzero
voltage of a drop on this surface.
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Figure 2-8: Images of a 10piL DI water droplet subject to increasing voltage on an
EWOD surface, as taken on a goniometer.
Chapter 3
Design and Use of a Boiling
Apparatus
An apparatus for conducting general boiling heat transfer experiments was con-
structed and modified for boiling experiments that include electrowetting. This chap-
ter details its design and construction.
3.1 Design of the Boiler
An assembled view of the boiler is shown in 3-1. An exploded view is shown in
3-2. The boiler has an aluminum base and a Teflon body, separated by a rubber
gasket (Buna-N, McMaster 8615K81). Embedded in the top of the Teflon block
is a 0.98" x 0.98" 987W ceramic heater (Watlow Ultramic) that can take up to 240V
input from a Variac (Chuan Hsin SRV-20). A K-type thermocouple is embedded in the
heater to monitor its temperature. On top of the heater is a high thermal conductivity
block made of oxygen-free copper (McMaster 8312K12), and the interface between
the two is covered in thermal grease (Omegatherm 201, Omega) to minimize contact
resistance. The copper block is held into a piece of polycarbonate with adhesive
(Loctite 4210) such that the top surface of the copper sits 0.001" above the surface
of the polycarbonate. Again, the interface between the Teflon and polycarbonate is
gasketed. The sample is held down by its corners onto the copper block with Teflon
and steel fender washers. Thermal grease with a thin K-type thermocouple (Omega
88000) are embedded in the interface between the copper and the sample in order to
measure the surface temperature of the sample with a digital thermometer (Fluke 54
II, Omega RH820U).
Figure 3-1: Fully assembled solid model of the boiling apparatus.
To modify this setup for electrowetting a ground wire was soldered to the copper
block underneath the polycarbonate. In addition an open mesh with a wire soldered
to it was epoxied to the four fender washers that hold down the sample; the line
carries the electrowetting voltage from the DC power supply discussed in Chapter
2. The mesh ensures uniformity in the electric field. The whole boiler was placed in
a glass tank filled with water kept at constant temperature by an immersion heater
(Omega EMH-060-120V) attached to a temperature controller (Fuji Electric PXR3).
A picture of the entire apparatus including power supply is shown in 3-3 and a closeup
view of the boiler is shown in 3-4.
3.2 Experimental Design
Data was taken for applied electrowetting voltages between 0 to 200V for the
EWOD surfaces at 50V intervals. In each interval, data was taken approximately
every 10V input to the heater starting at the voltage where the surface began to
Figure 3-2: Exploded solid model of the boiling apparatus.
exhibit about 3C of superheat at the onset of nucleate boiling. Assuming a lossless
thermal path, the electrical power into the heater is all converted to heat
IVI = A (3.1)
where A = 400mm 2 for all samples. From there it is easy to find the heat transfer
coefficient h from the Gorenflo equation as discussed in Chapter 1.
Figure 3-3: Boiling apparatus for testing electrowetting surfaces.
Figure 3-4: Closeup view of the boiler sitting a pool of water with an EWOD surface
visible beneath the electrified mesh.
Chapter 4
Experimental Results and
Conclusions
The results of the experiments described in Chapter 3 are presented, along with
possibilities for future work.
4.1 Data Reduction and Analysis
The data relevant to this analysis include the current through and voltage across
the heater, the surface temperature of the sample, and the temperature of the boiling
pool. Using the Gorenflo correlation at an absolute pressure of latm we find the
heat transfer efficiency as a function of both the amount of superheat present and
the applied voltage. In dimensionless form, this means finding the Nusselt, Jakob,
and electrowetting numbers. The Nusselt number is calculated using Rohsenow's
critical bubble radius as a characteristic length; the other two numbers can be found
directly from geometric, thermal, and electrical properties of the system. First, the
Nusselt number as a function of the other two numbers is presented in 4-1. The
Nusselt number is well-modeled as being linearly related to the Jakob number for
an electrowetting boiler. The graph shows that as applied voltage increases heat
transfer decreases for a desired amount of superheat. This is counter-intuitive to
what we would have expected-increasing the voltage makes the EWOD surface more
aoso
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Figure 4-1: Nusselt number NUD as a function of the Jakob number Ja for various
applied voltages. Note that the amount of heat transfer decreases with superheat as
the voltage increases.
wettable, which should increase boiling heat transfer. The dimensionless ratio of N7 D
taken as the slope of the best fit line in the previous plot, can also be graphed against
the electrowetting number q to determine how heat transfer for a given superheat
decreases as the applied voltage increases. This is shown in 4-2. The decay of heat
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Figure 4-2: Dimensionless ratio NUD as a function of the electrowetting number 77.Ja
The relation is well-modeled by a decaying double-exponential.
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Figure 4-3: Thermal resistance Rth as a function of the electrowetting number 17.
transfer efficiency is well-modeled by the equation
NUD 
-
(436.8 ± 9933)e( 37.95± 2 14 .4) (884.9 818.0)e(-0. 32±2.23)7 (4.1)
Ja
indicating that the heat transfer efficiency sharply decreases as 17 increases.
There is some mechanism increasing the thermal resistance in the electrowetting
system. This can be seen by calculating and plotting the average thermal resistance
Rth,avg = as a function of 7, where here AT is the temperature difference
between the heater surface and the boiling pool. The results are shown in 4-3. This
time the thermal resistance increases exponentially, which agrees the heat transfer co-
efficient decreasing exponentially. The increase in thermal resistance is well-modeled
by
Rth,avg(7) = (0.67 ± 0.075)e(o23 *o2 1 )7 - (0.051 ± 0.077)e( 14 82 49 . (4.2)
The average thermal resistance ranges from 0.62 to 0.78 , a marked increase from
the predicted value of 0.42 W as calculated by summing the individual thermal re-
sistances of the components in the thermal circuit from the heater to the pool. The
results of 4-1, 4-2, and 4-3 are summarized in 4.1. A more complete data set can be
found in Appendix B.
Table 4.1: Summarized results relating the electrowetting number 77 to key thermal
variables in the boiling system.
Voltage (V) 77 NUD/Ja Rth,avg( W
0 0 1322 ± 82.0 0.62 0.089
50 0.040 976.9 ± 139.6 0.65 0.10
100 0.16 882.8 ± 103.6 0.69 ± 0.12
150 0.36 715.5 ± 110.1 0.73 i 0.12
200 0.64 752.3 ± 157.8 0.78 0.13
How can we account for the increased thermal resistance in the electrowetting
system? One possible explanation is that the increased wettability of the surface
forces water to clog pores in the Teflon film instead of releasing as bubbles. As the
voltage increases the wettability also increases, so the water is likely to release from
the surface. This would prevent heat transfer in a similar way that a vapor boundary
layer reduces heat transfer in film boiling. Another possible mechanism could be from
the force on the water by the applied electric field. This force could restrict the flow
of water in the vicinity of the sample, which would decrease convective heat transfer.
4.2 Sources of Error
There are several possible sources of error. One comes from instrumentation-
looking forward to Appendix B, we see that the uncertainties on the Jakob numbers
are at least an order of magnitude lower than the numbers themselves, but this is
not the case for the Nusselt numbers or the thermal resistances. This is because the
instrumentation used to record temperatures is quite accurate, whereas the instru-
mentation used to record current through and voltage across the heater is not very
accurate, particularly in the 10A or several hundred volt ranges where we are taking
data. Another source of error comes from the thermal resistance of the setup. The
setup has some contact resistance between the block and the heater as well as the
heater and the sample. If any air or water seeps into those junctions the resistance
will sharply increase and will cause lower heat fluxes to be measured. Thermal grease
was used to prevent this behavior, but it is not perfect. In addition, using too much
grease will also increase the contact resistance. A final possible error source comes
from the thermocouples. It was observed during the experiment that the thermocou-
ples are very susceptible to interference from each other and any nearby magnetic
fields. Considering that the heater operates at a fairly high voltage and current,
putting the heater wires too close to the thermocouples could (and did, on occasion)
compromise the data.
4.3 Conclusion
A DC power supply capable of providing up to 1000V and a boiling system that
can deliver up to 1000W have been constructed for the purpose of investigating boil-
ing heat transfer on electrowetting surfaces. Electrowetting surfaces were made that
exhibit reversible contact angle changes up to 390 at 294V. It was determined that
electrowetting decreases heat transfer efficiency as opposed to increasing it, proving
the initial hypothesis wrong. The thermal resistance increases with the dimensionless
electrowetting number as a double exponential with e-folding constants 0.23&0.21 and
-14.82 ± 49.69. Likewise, the rate of heat transfer per unit superheat, given by the
dimensionless ratio of the Nusselt number to the Jakob number, was found to increase
as a double exponential with e-folding constants -37.95 ± 214.4 and -0.32 ± 2.23.
These results are surprising but merit more investigation. Further work includes ex-
amining the effect of other surface treatments, such as coating the sample in nanopar-
ticles, in combination with electrowetting to see if the addition of various physical
surface features or chemical properties aids heat transfer. It would also be useful
to continue developing novel electrowetting surfaces that are more compatible with
materials found in industrial-scale boilers. Most importantly, determining the exact
reason that overall heat transfer with electrowetting must be answered and may well
end up uncovering new and interesting physics.
42
Appendix A
Bill of Materials for DC Power
Supply
This Bill of Materials makes reference to the part labels in the schematics found in
Chapter 2.
PWM Circuit
U1: LM7812 12V regulator
U2: LM7805 5V regulator
U3: LM555 timer
U4: LM311 comparator
U5: IR2125 gate driver (International Rectifier)
C1: 10nF
C2: lnF
C3: 0.82pF
D: MUR120 200V, 1A power diode (ON Semiconductor)
R1: 1.5kQ, 1/4W
R2: 2.2kQ, 1/4W
R3: 15O , 1/4W
R4: 100kQ potentiometer, 1/4W
R5: 125kM, 1/4W
R6: 1kQ, 1/4W
Flyback Converter
C: 47nF 2000V ceramic capacitor (AVX High Voltage MLC Radials)
D: APT15DQ100KG 1000V, 15A power diode (Microsemi Power Products Group)
Q: STP4N150 1500V, 4A n-channel power MOSFET (ST Microelectronics)
RI: 1OQ, 1/4W
R2, R4: 2.2MQ, 1/2W
R3: 220kM, 1/2W
T: 2 ferrite E core halves (Ferroxcube E64/10/50-3C90); 20 turns primary, 44 turns
secondary
Appendix B
Additional Data
Additional data from the electrowetting boiling experiments is presented here in
a slightly less-reduced form.
V = OV, r = 0:
Table B.1: Full thermal data for V = OV.
NUD
30.67 i 6.23
37.34 i 7.08
45.11 i 8.02
50.94 ± 8.72
60.81 + 9.85
72.63 i 11.16
80.60 i 12.04
87.84 + 12.81
0.025
0.028
0.032
0.036
0.042
0.056
0.060
0.066
Ja
i 0.0021
i 0.0021
+ 0.0021
+ 0.0021
+ 0.0021
+ 0.0021
+ 0.0021
+ 0.0021
Rth( W
0.61 ± 0.14
0.59 ± 0.11
0.60 ± 0.099
0.73 ± 0.11
0.67 t 0.084
0.62 0.066
0.58 i 0.057
0.57 ± 0.051
V = 50V, rq = 0.040:
Table B.2: Full thermal data for V = 50V
NUD
28.31 i 5.93
37.91 + 7.14
46.08 + 8.14
57.55 + 9.45
66.84 + 10.52
75.38 + 11.46
0.029
0.031
0.038
0.050
0.063
0.073
Ja
+ 0.0021
i 0.0021
± 0.0021
+ 0.0021
+ 0.0021
± 0.0021
Rth( )
0.72 + 0.17
0.62 i 0.12
0.65 + 0.10
0.67 + 0.089
0.65 + 0.075
0.61 i 0.063
V = 10V,= 0.16:
Table B.3: Full thermal data for V = 100V.
NUD
29.26 ± 6.03
38.38 + 7.19
46.69 i 8.21
57.47 + 9.47
66.20 + 10.46
Ja
0.035 i 0.0021
0.036 i 0.0021
0.045 i 0.0021
0.058 t 0.0021
0.073 ± 0.0021
Rth(W)
0.72 + 0.17
0.66 ± 0.12
0.73 + 0.12
0.68 + 0.089
0.66 i 0.077
V = 150V, y = 0.36:
Table B.4: Full thermal data for V = 150V.
NUD
28.70 t 5.96
38.48 i 7.20
48.28 i 8.40
56.62 i 9.38
63.41 i 10.12
Ja
0.031 + 0.0021
0.040 + 0.0021
0.052 ± 0.0021
0.065 i 0.0021
0.079 + 0.0021
Rth( W
0.76 t 0.18
0.74 i 0.14
0.74 + 0.11
0.72 i 0.096
0.71 0.086
V = 200V, y 0.64:
Table B.5: Full thermal data for V = 200V.
NUD
27.88 ± 5.84
38.29 + 7.17
46.43 ± 8.16
57.22 ± 9.43
61.38 + 9.90
Ja
0.035 ± 0.0021
0.041 + 0.0021
0.050 ± 0.0021
0.068 + 0.0021
0.077 ± 0.0021
Rth( W )
0.81 + 0.20
0.80 + 0.15
0.79 + 0.13
0.75 ± 0.099
0.75 + 0.093
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